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Ocean Acidification Leads to Counterproductive Intestinal Base Loss in the Gulf Toadfish (Opsanus beta)

Introduction
Anthropogenic input to the global carbon cycle has already increased oceanic CO 2 from preindustrial values (∼280 matm) to current levels of ∼380 matm and decreased ocean pH by 0.1 (Caldeira and Wickett 2003; Meehl et al. 2007; Fabry et al. 2008) . Values of oceanic CO 2 are expected to climb to 1,900 matm by the year 2300, inducing an oceanic pH decline of up to 0.77 units, an extraordinary rate of change that has not been observed in the past 300 million years (Caldeira and Wickett 2003; Meehl et al. 2007 ). In addition to these predicted elevations of ambient CO 2 , current regional CO 2 levels can reach values as high as 1,000-2,300 matm, corresponding to pH 7.75 and 7.49, respectively Thomsen et al. 2010) . Coastal and estuarine areas close to urban areas may be particularly likely to display elevated CO 2 levels since nutrient and organic matter runoff can lead to increased Pco 2 and hypoxia from respiration, magnifying Pco 2 increases resulting from ocean acidification. (Feely et al. 2010; Cai et al. 2011) . Ocean acidification has particularly deleterious effects on many calcifying organisms due to the impacts of decreased pH on the calcium carbonate saturation state, resulting in less [ ]
2Ϫ
CO 3 available for shell formation and maintenance (Orr et al. 2005; Fabry et al. 2008; Doney et al. 2009 ). Reduced calcification is expected by the year 2300 across a broad array of species including blue mussels (Thomsen et al. 2010) , sea urchins (Byrne et al. 2011) , corals (Kleypas and Yates 2009 ), foraminifera and coccolithophores (Riebesell et al. 2000; Riebesell 2004 ), pteropods (Lischka et al. 2011) , and abalone larvae (Byrne et al. 2011) . Troubling findings related to reproduction have also been observed, including reduced fertilization and settlement success in corals (Albright and Langdon 2011) and decreased egg production in shrimp (Kurihara et al. 2008 ). Increased calcification rates have been noted in some species following CO 2 exposure, often with an associated cost, such as reduced buoyancy in cephalopods ) and decreased muscle mass in a species of brittlestar (Wood et al. 2008) .
Recent research on marine teleosts exposed to CO 2 levels !1,900 matm has focused on sensory systems of younger animals and areas of the body responsible for forming calcium carbonates, including the skeleton and otolith. Fish otoliths were found to increase in size in white sea bass (Checkley et al. 2009 ) and juvenile clownfish (Munday et al. 2011b ) with elevated ambient CO 2 concentrations (∼1,000, 1,700 matm, respectively). However, lower level CO 2 exposures predicted over the next century (600, 725, 850 matm) did not elicit changes in otolith size, shape, symmetry or skeletal formation in the spiny damselfish (Munday et al. 2011a ). Juvenile clownfish exposed to 600 matm CO 2 also displayed no changes in otolith size but did show a lack of avoidance to predator sounds, suggesting a disturbance of the auditory sensing system at this CO 2 level (Simpson et al. 2011 ). Juvenile clownfish have also been found to be attracted to predator olfactory cues (∼1,000 matm; Dixson et al. 2010) , unresponsive to appropriate settlement olfactory stimuli at ∼1,000 matm, and attracted to inappropriate settlement sites at ∼1,700 matm, despite no change in body morphology (Munday et al. 2009 ). Researchers examining the background mechanism responsible for neurological disruption have proposed that GABA-A receptors excited by changes in Cl Ϫ and during acid-base regulation affect Ϫ HCO 3 behavioral lateralization and olfactory ability in clownfish and could explain other sensory system disruptions described in previous studies (Nilsson et al. 2012) .
Marine teleosts are strong acid-base regulators and actively defend blood pH from respiratory acidosis at high levels of CO 2 with a well-documented metabolic compensation mechanism. The events following onset of exposure to elevated ambient CO 2 include an initial increase in plasma Pco 2 , decrease in pH, followed by the retention of to bring pH levels Ϫ HCO 3 back to normal (Claiborne and Evans 1992; Larsen et al. 1997; Ishimatsu et al. 2004; Evans et al. 2005; Perry and Gilmour 2006; Baker et al. 2009; Brauner and Baker 2009 ). Despite the array of studies explicating this response, few studies have examined the impacts of current regional and near-future hypercapnia on the physiology of adult marine teleosts. Exposure to levels as low as 1,000 matm CO 2 induce acidosis in toadfish, causing an early decrease in blood pH and an increase in partial pressure of CO 2 (Pco 2 ; Esbaugh et al. 2012) . To combat this acidosis, elevation of blood levels occurs within 4-8 h Ϫ HCO 3 of exposure, and stable levels are reached within 24 h (Esbaugh et al. 2012) . Elevation of plasma and Pco 2 may have Ϫ HCO 3 implications for other areas of the body where acid and base equivalents are exchanged for other solutes, as seen during routine osmoregulation in the marine fish intestine. In order to stay hydrated, marine fish exposed to salinity levels above the isosmotic point (∼10 ppt) must drink seawater to obtain and uptake Na ϩ and Cl Ϫ , a process that ultimately drives water absorption. (Smith 1930; Skadhauge 1974; Grosell et al. 2007 Grosell et al. , 2011 Genz et al. 2008) . Interestingly, substantial Cl Ϫ absorption occurs in exchange for , linking water absorption to base Ϫ HCO 3 secretion (Grosell and Genz 2006; Grosell et al. 2009 Grosell et al. , 2011 . Bicarbonate from the plasma is transported across the basolateral membrane via NBC1 or comes from intracellular CO 2 as it becomes hydrated via carbonic anhydrase ). rates. This suggests that the intestine, in addition to the gill, may be important for setting blood concentrations Ϫ HCO 3 through transepithelial secretion . During hypersalinity, increased expression of NBC1 further suggests a link between osmoregulatory machinery and acid-base regulation (Thomsen et al. 2010) and coastal areas in the Gulf of Mexico (Cai et al. 2011) and can be expected well before year 2300 (global projected level) in certain estuaries and coastal upwelling zones (Feely et al. , 2010 . Furthermore, recent research has highlighted the formerly understated importance of CaCO 3 formed in the intestine of marine teleost fish to the oceanic carbon cycle ). Bicarbonate secreted into the intestinal lumen creates a highly alkaline environment that promotes precipitation with Ca 2ϩ and Mg 2ϩ to form highly soluble calcite crystallites (Walsh et al. 1991; Wilson et al. 1996; Perry et al. 2011 ) and promotes increased water absorption by reducing luminal osmotic pressure Whittamore et al. 2010; Whittamore 2012) . These precipitates are predicted to dissolve at a shallower depth than calcites from many other calcifying organisms and are estimated to contribute between 3% and 15% of carbonate to the marine inorganic carbon cycle ) and 14%-70% in certain tropical carbonate sediments (Perry et al. 2011 ). A second hypothesis tested in this study was that toadfish exposed to hypercapnia would secrete more CaCO 3 precipitates proportional to predicted increases in intestinal base secretion. It was also predicted that these precipitates would be more soluble due to higher Mg 2ϩ : Ca 2ϩ ratios, since increased precipitation rates may deplete already depressed luminal fluid Ca 2ϩ levels and increase the proportion of abundant luminal Mg 2ϩ in precipitates . Understanding how a large taxonomic group like the teleosts will compensate or adapt to elevated CO 2 and possibly alter the inorganic carbon cycle is vital.
Material and Methods
Experimental Animals
Gulf toadfish (Opsanus beta) were obtained from commercial shrimp fishermen trawling Biscayne Bay, Miami, from August 2010 to January 2011. Gulf toadfish are known to inhabit seagrass beds throughout Biscayne Bay and Florida Bay and experience large diurnal fluctuations in dissolved oxygen levels (∼1.3-6.1 ppm O 2 [McDonald et al. 2007 ]; 4.1-10.8 ppm O 2 [Serafy et al. 1997] ), Pco 2 , and pH (138 matm and 0.13, respectively [Yates et al. 2006] ). On arrival, toadfish were treated for ecto-parasites (McDonald et al. 2003) and sorted by size into 40-L tanks (8-10 per tank) with aerated, sand-filtered, flow-through seawater from Bear Cut (22Њ-25ЊC, 30-35 ppt salinity) at the Rosenstiel School of Marine and Atmospheric Science, Miami. Pieces of polyvinylchloride tubing were placed in tanks as shelter to reduce stress and decrease aggressive behavior. Toadfish were fed squid to satiation biweekly but starved for at least 72 h before experimentation to ensure an empty digestive tract. Toadfish were acclimated to laboratory tanks for at least 2 wk before experimentation, and experimental procedures were performed according to current University of Miami animal care protocol (IACUC 10-293).
Surgical Procedure and Hypercapnia Exposure Protocol
To determine rectal base excretion rate and CaCO 3 production by fish under control and elevated CO 2 conditions, fish were fitted with rectal collection sacs as outlined in Genz et al. (2008) . Toadfish ( for each treatment) were placed in 1-L aerated, n p 8 flow-through acclimation chambers at ambient CO 2 levels for 24 h before surgery. Similar body masses were used in control ( g) and 1,900 matm CO 2 ( g) treatments. 65.8 ‫ע‬ 2.2 65.0 ‫ע‬ 3.6 Toadfish were then anesthetized using 0.2 g L Ϫ1 MS-222 solution buffered with 0.3 g L Ϫ1 NaHCO 3 , weighed, and affixed with a rectal collection sac made from a nitrile balloon attached to a 1-cm segment of a 1-mL syringe (Becton-Dickinson) that was heat flared at both ends (Genz et al. 2008) . Rectal sacs were attached with a running suture stitched around the rectal opening and pulled taut around the open end of the syringe, permitting rectal contents to drain into the collection sac while preventing seawater intrusion.
Postsurgery, toadfish recovered in experimental chambers where they remained for the next 72 h while being exposed to their respective treatment of either 380 matm (control) or 1,900 matm CO 2 . Seawater in both treatments was constantly aerated; however, seawater flow was interrupted during distinct time intervals in order to quantify branchial acid flux for a concurrent study (Esbaugh et al. 2012) . Constant carbon dioxide concentrations were achieved using a WTW 3310 pH meter and a pH electrode (SenTix 41, Logilo Systems, Tjele, Denmark) connected to a Pco 2 /pH DAQ-M digital relay instrument (Loligo) controlled by CapCTRL software (Loligo) following guidelines provided by the manufacturer. Calibrating this automated negative feedback system involved measuring pH in two known CO 2 partial pressures and extrapolating a pH/Pco 2 standard curve to indirectly measure Pco 2 through the pH of seawater. Control conditions (380 matm) displayed a pH of approximately 8.1 and the 1,900 matm CO 2 treatment resulted in a decline of ∼0.6 pH units. Once target pH/Pco 2 levels were met, total CO 2 measurements combined with pH measurements were found to corroborate target Pco 2 levels when placed into CO2SYS software. Values of pH recorded by the stat system were compared with independent pH measurements and were consistently found to be in good agreement. A recent study using a similar setup and CO 2 set point produced mean CO 2 exposure values of matm when monitored over 15 1,911 ‫ע‬ 13 d. The system can oscillate up to 15% from the desired setpoint but typically stays between 4% and 10% from the 1,900 matm setting. The pH range associated with the deviations is between ∼7.5 and 7.6.
Sampling Procedures
After 72 h of exposure, toadfish were euthanized by an overdose of 0.2 g L Ϫ1 MS-222 buffered with 0.3 g L Ϫ1 NaHCO 3 . The rectal collection sac was immediately clamped with a hemostat to prevent backflow of contents into the gastrointestinal tract during sampling. Fluid and precipitates contained in the collection sac were immediately transferred to preweighed 15-mL BD Falcon tubes. To ensure complete sampling, any precipitates inside the syringe portion of the drainage tube were considered part of the rectal collection and combined with contents of the rectal collection sac.
Analytical Procedures
Once tubes were reweighed to determine sample mass, samples were centrifuged (4,000 rpm, 15 min; Eppendorf centrifuge 5810 R), to separate fluid and precipitates. The fluid obtained from the rectal collection sacs was immediately isolated and measured for pH (PHM201, Radiometer, Copenhagen), osmolality (Wescor Vapro vapor pressure osmometer, Logan, UT), and total CO 2 (Corning 965, Medfield, MA), with the remaining fluid stored at Ϫ20ЊC for later analysis of ionic concentrations. Bicarbonate equivalents in rectal fluid were determined from total CO 2 and pH measurements using the Henderson-Hasselbach equation as in previous studies (Genz et al. 2008) .
Solid precipitate components were resuspended in 10 mL deionized water and sonicated (Kontes Micro Ultrasonic Cell Disruptor) before determining total bicarbonate/carbonate through double-endpoint titrations. Prepared samples were aerated with N 2 gas for 15 min before initial pH determination and continuously gassed with N 2 for the duration of the titration. Samples were first titrated with 0.2 mol L Ϫ1 HCl to a stable pH below 3.80, maintained at this pH for 15 min under continuous gassing with N 2 , and returned to initial pH using 0.02 mol L Ϫ1 NaOH. Acid and base were added using 2.0-mL micrometer syringes (GS-1200, Gilmont Instruments). Sample pH was monitored using Ag/AgCl combination electrodes (PHC3005-8, Radiometer Analytical) attached to a pH meter (PHM 201, Radiometer Analytical MeterLab) . Bicarbonate and carbonate equivalents in precipitates were calculated by subtracting the amounts of NaOH added from the amount of HCl added to prepared samples.
Following titration, dissolved solid samples were analyzed for Mg 2ϩ and Ca 2ϩ , and fluids obtained from the rectal collection sac were analyzed for ionic composition. The amount of Mg 2ϩ and Ca 2ϩ (mmol) in the precipitate samples were used to determine the Mg 2ϩ : Ca 2ϩ ratios. Cations were analyzed using flame atomic absorption spectrometry with an air/acetylene flame, (Varian 220, Palo Alto, CA). Concentrations of Cl Ϫ were measured using a chloride titrator (CMT10 chloride titrator; Radiometer, Copenhagen). rates of isolated toadfish anterior intestine as a function of serosal concentration values comparable to direct isotopic drinking rate measurements (Genz et al. 2008) All values are reported as means ‫ע‬ SEM. Control (380 matm) and experimental (1,900 matm) values were compared using unpaired Student's t-tests. Two-tailed t-tests were used unless specifically stated otherwise. Data sets lacking normality were compared using Mann-Whitney rank sum tests. Significance for all tests was determined at . P ! 0.05
Data Analysis and Statistics
Results
Rectal Base Excretion Rate
Total rectal base excretion rate (mmol kg Ϫ1 h Ϫ1 ), measured from fluid and solid (precipitate) base components in a rectal collection sac over 72 h, was significantly higher in toadfish exposed to 1,900 matm CO 2 ( mmol kg Ϫ1 h Ϫ1 ) compared 64.2 ‫ע‬ 6.6 with toadfish exposed to ambient control CO 2 levels (380 matm, mmol kg Ϫ1 h Ϫ1 ; one-tailed Student's t-test; fig. 1 ). 48.1 ‫ע‬ 5.9 The fluid base component was the major contributor to the observed total difference and showed a significant difference during hypercapnia compared with control exposures, while the solid (precipitate) component exhibited no difference ( fig.  1 ).
Rectal Base Excretion Rate and Predicted Future CO 2 Levels
Using a previously reported in vitro relationship between serosal concentration and secretion rate in isolated fig. 2B ). As expected, rectal base excretion increased during exposure to 1,900 matm; however, the observed increase of 33.6% was even greater than the predicted 22.4% ( fig. 2B ).
Rectal Fluid Ions and Drinking Rate
All ion concentration measurements (mmol L Ϫ1 ) were taken from fluid in the rectal collection sac after 72 h of exposure to ) and the drinking rate (mL kg Ϫ1 h Ϫ1 ) tended to be higher in hypercapnia-exposed toadfish; however, these differences were not statistically significant ( , , respectively; table 2). P ! 0.288 P ! 0.219
Precipitate Base and Ion Analysis
There was no difference in the ratio of precipitate base to the total base between fish in control and hypercapnia exposures ( fig. 4) . Contrary to predictions, Mg 2ϩ to Ca 2ϩ ratios in rectal precipitates were also not significantly different, although fish exposed to 1,900 matm CO 2 tended to have slightly higher ratios (Mann-Whitney rank sum, ; fig. 4 
Discussion
Rectal Base Excretion Rates
Significantly increased rectal base excretion in toadfish exposed to 1,900 matm CO 2 compared with control exposures ( fig. 1 ) over 72 h suggests that the intestinal tract is influenced by a compensated respiratory acidosis induced by small increases in CO 2 . The majority of literature on the physiological response of fish to hypercapnia has utilized high levels of CO 2 (7-16 mmHg or ∼9,200-21,000 matm; Brauner and Baker 2009) to elucidate compensation mechanisms and upper tolerance limits. While this response has been well characterized, few studies have used lower levels of exposure relevant to current regional conditions and imminent ocean acidification predictions, since adult fish are known to be especially strong acid-base regulators. Two major findings prompted our investigation of the role of the intestinal tract in acid-base balance during low-level hypercapnia. First, hypercapnia exposure has been found to induce blood elevation of and Pco 2 in response to CO 2 Ϫ HCO 3 levels as low as 1,000 matm (Esbaugh et al. 2012 intestinal base loss would come at an increased metabolic cost to the animal remains to be investigated.
When examined in vitro, base secretion rates of toadfish intestine (anterior) increased in a dose-dependent manner depending on serosal concentrations ).
Ϫ HCO 3 Rectal base excretion rates have been previously estimated to be as high as 135 mmol kg Ϫ1 h Ϫ1 in fish exposed to 5% CO 2 (Perry et al. 2010) . Together these studies support a dosedependent, although not linear, response. Thus, although intestinal base secretion was only measured at 1,900 matm CO 2 in this study, it is likely that base secretion values would mirror the dose-response pattern observed in blood Pco 2 and (Esbaugh et al. 2012) (Esbaugh et al. 2012 ), we predicted a 22.5% increase in intestinal secretion as a result of 1,900 matm Ϫ HCO 3 CO 2 exposure ( fig. 2) . It is important to note that a percent increase value was used because isolated tissue values were reported in mmol cm Ϫ2 h Ϫ1 , while mmol kg Ϫ1 h Ϫ1 was measured in this in vivo study. Interestingly, the observed actual increase in rectal base excretion was 33.6% ( fig. 2) , around 1.5 times higher than predicted. The relationship between serosal [ ] and intestinal secretion rates was determined in iso-Ϫ HCO 3 lated anterior toadfish intestine , and it cannot be excluded that more distal segments contributed transepithelial secretion to yield the higher than pre-Ϫ HCO 3 dicted rectal base secretion rate observed in this study. In addition, integrative, whole animal processes such as neuronal and/or hormonal interactions may have also contributed to higher than predicted secretion rates. Trischitta et al. 2011) . It is therefore possible that elevated CO 2 hydration also contributed to the higher than expected intestinal base secretion as elevated plasma CO 2 observed during hypercapnia may result in elevated cytosolic CO 2 in the intestinal epithelial cells. Future studies should attempt to differentiate endogenous and transepithelial sources of in rectal fluids during hypercapnia exposure.
Ϫ HCO 3
Cascade Effects on Intestinal Transport
Chloride concentrations were found to be significantly lower in the rectal fluid of fish exposed to 1,900 matm CO 2 compared with those in controls ( fig. 3 ). This result, in combination with elevated rectal concentrations with 1,900 matm CO 2 ex-Ϫ HCO 3 posure versus those of controls likely reflects elevated anion exchange activity via SLC26a6 in the apical membrane following increased activity of basolateral NBC1 by elevated serosal concentration ( fig. 5 ). Interestingly, low luminal Cl Ϫ Ϫ HCO 3 concentration tends to favor continued Cl Ϫ transport via SLC26a6 over apical cotransporter NKCC2, which is utilized more for chloride transport during high Cl Ϫ concentrations when secretion is inhibited Grosell Ϫ HCO 3 2011).
Low luminal Cl Ϫ concentrations following stimulated anion exchange in toadfish exposed to 1,900 matm CO 2 were predicted to increase drinking since luminal Cl Ϫ levels control drinking rate in eel (Ando and Nagashima 1996) . However, while the rectal fluid excretion rate and the estimated drinking rate (mL kg Ϫ1 h Ϫ1 ) tended to be higher in toadfish exposed to 1,900 matm CO 2 , these differences were not significant (table 2) . To further investigate fluid movement through the intestine, the total fluid absorption rate was calculated by taking the difference between the estimated drinking rate and the rectal fluid excretion rate (Genz et al. 2008 ). This rate was calculated to be 0.84 mL kg Ϫ1 h Ϫ1 for controls and 1.02 mL kg Ϫ1 h Ϫ1 for toadfish exposed to 1,900 matm CO 2 . Despite the trend for an increase in estimated drinking rate and fluid absorption, the fractional fluid absorption was relatively similar at 70.0% and 70.3%, for control and for toadfish exposed to 1,900 matm CO 2 . We propose that although fractional fluid absorption did not change with hypercapnia, blood levels elevated by hy-Ϫ HCO 3 percapnia initiated a series of events that activated osmoregulatory machinery for a nonosmoregulatory process, leading to increased intestinal anion exchange, Cl Ϫ uptake, decreased luminal Cl Ϫ concentration, and significantly lower osmolality in the lumen of hypercapnic fish.
Intestinal Precipitate Formation
Contrary to expectations, no difference was observed in solid precipitates produced in control compared with toadfish exposed to 1,900 matm CO 2 ( fig. 1 ). Differences in precipitate titratable alkalinity have been noted at 5% CO 2 exposure (Perry et al. 2010 ), but since elevated precipitate formation was not observed in this study, the threshold for observing this effect remains to be determined. A recent study of fish carbonate production across the Bahamian Archipelago noted large variation in production rates that varied with body mass, with smaller fish typically producing more carbonates per unit mass (Perry et al. 2011) . Although this study did not find evidence for elevated CaCO 3 formation during exposure to elevated CO 2 , possible effects of fish size and life history should be investigated.
There was also no difference in the amount of base present in the solid precipitate compared to the total combined base in fluid and precipitate from fish in control and hypercapnia exposures ( fig. 4 ). This result was unexpected considering that an increase in total rectal excretion would be predicted Ϫ HCO 3 to provide more substrate for CaCO 3 formation and, thus, increased amount of base excretion in the pellet form. It was hypothesized that the predicted increase in carbonate substrate would deplete already depressed levels of Ca 2ϩ normally present in the intestinal lumen and shift CaCO 3 composition in favor of higher Mg 2ϩ content since this ion is abundant in the intestinal fluid and is also a component of fish-produced CaCO 3 ). However, while the Mg 2ϩ : Ca 2ϩ ratio in fish exposed to 1,900 matm CO 2 tended to be slightly higher than the ratio in control exposures, this difference was not significant (fig. 4) .
In both treatments, Mg 2ϩ levels in precipitates were low compared with levels in rectal fluid (table 3) . Conversely, the majority of Ca 2ϩ was present in the precipitate in control and hypercapnia exposures, and only a small proportion of the Ca 2ϩ was present in the rectal fluid (table 3) . A recent study has classified "high" Mg calcites as greater than 4 mole% MgCO 3 and stated an average range for fish between 18% and 39% mole% MgCO 3 (Perry et al. 2011) 
Potential Caveats
Despite their utility, rectal collection sacs provide a composite of secretions over 72 h and cannot be used to examine the time course of an acid-base disturbance. We surmise that intestinal base secretion rates likely stabilized after around 4 h of exposure to 1,900 matm CO 2 , since intestinal conditions would be expected to mirror plasma conditions (Taylor and Grosell Ϫ HCO 3 2008; Esbaugh et al. 2012) . However, it is unclear how much later intestinal fluids would depict these changes in intestinal transport function as a volume of such fluids is constantly residing in the lumen. In any case, it is clear that the content of the rectal collection sacs is the sum of fluids residing in the intestine before experimentation and the altered transport rates of the epithelium during the experiment. However, the error resulting from this fact is conservative, as it would act to reduce the difference between the control group and the group exposed to 1,900 matm. There are two alternatives to the technique used in this study, in situ perfusion of the intestine and collection of excreted precipitates from the tanks. Unfortunately, gulf toadfish do not tolerate the surgery involved in the in situ perfusion procedures (M. Grosell, personal observation). Collection of precipitates from the tanks could be done to avoid influence of intestinal fluids residing in the intestine before exposure if a "preexposure" period was used. However, this technique would not allow for quantification of rectal fluid and excretion rates and would not allow for determination concentration gradient between serosal and cytosolic CO 2 , leading to reduced CO 2 diffusion and increased cytosolic CO 2 concentration. This elevated CO 2 is hydrated via carbonic anhydrase, also contributing to increased availability of cytosolic . C, Increased lowering osmolality, although not at elevated rates with hypercapnia exposure. E, A fraction of elevated luminal combines with H ϩ Ϫ HCO 3 from the apical H ϩ pump Guffey et al. 2011) , generating CO 2 that will equilibrate with the enterocytes. F, Endogenous CO 2 is converted to via carbonic anhydrase. This additional is available for further anion exchange via SLC26a6. 
Conclusions and Future Directions
Elevated rectal base excretion rates by toadfish exposed to 1,900 matm CO 2 (∼year 2300 and relevant to certain regions at present) over 72 h suggests that the gastrointestinal tract is influenced by changes in blood chemistry induced during a hypercapnic respiratory acidosis. We propose that blood elevation of and Pco 2 activated apical and basolateral ion transporters in epithelial cells and increased intestinal Ϫ HCO 3 secretion rates that work against bicarbonate retention mechanisms needed during metabolic compensation.
Increased base secretion, combined with significantly lower Cl Ϫ concentration and luminal osmolality highlights a need for comprehensive investigations into transporters previously identified both in osmoregulation and high-level hypercapnia exposure. In order to elucidate adaptive capacity, we are currently examining intestinal tissue isolated from fish exposed long term to 1,900 matm CO 2 levels to determine whether downregulation of intestinal secretion occurs to retain blood and minimize base loss. Previous in vitro isolated intestinal tissue examination of plainfin midshipman at high levels of CO 2 (5%) indicated no downregulation to minimize base loss; however, exposures were for 48 h (Perry et al. 2010 ) and possibly too short to reveal acclimation responses. Understanding the physiological changes induced by elevated CO 2 levels in fish is imperative, especially since regional areas are already experiencing CO 2 levels between 1,000 and 2,300 matm Thomsen et al. 2010) . Furthermore, it is worth noting that fish with larger body mass (Portner and Farrell 2008) and/or fish living in areas with little environmental fluctuation (Portner et al. 2004 ) may have greater difficulty adjusting to elevated CO 2 -induced changes in the environment.
